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Variability in Basal Metabolic
for an overview), and although the interpretation of the readings is not without potential methodological biases (see, e.g., Hayes, Speakman, and Racey 1992), BMR has proved reproducible among studies of the same species in different laboratories (e.g., Kersten and Piersma [1987] , their table 6).
Although it is thus standard practice to specify the conditions conducive to obtaining strictly comparable determinations of BMR, a complication concerns the variation caused by changes in body mass and composition (see, e.g., Lindstr6m and Piersma 1993). In particular, it would be of obvious value to obtain data on body composition of the experimental subjects. Long ago, Miller and Blyth (1953) This contribution provides such a study. We present an intraspecific comparison of BMR and body composition in four categories of red knots during midwinter, trying to correlate BMR and body composition with each other and with the birds' requirements. We have examined wild birds of the two subspecies described above as well as long-term captive individuals that faced quite different energetic demands compared with their wild counterparts. Up to now, the literature offers contradictory statements about the effect of captivity on BMR in birds, without consideration of the changes in body composition underlying this. One study on a raptor reports an increase (Warkentin and West 1990), whereas three others on passerine birds detect no changes (Kendeigh 1944 ; Wallgren 1954; Weathers, Weathers, and van Riper 1983).
Although the two subspecies have only diverged in the recent past, probably less than 10,000 years ago (Baker, Piersma, and Rosenmeier 1994), they show distinct annual cycles ( fig. 1B and C) . Temperate-wintering islandica knots show a large increase in mass during winter. This peak is completely absent in tropically wintering canutus knots. Subspecific differences are even more pronounced in captivity. In captive islandica knots the timing of wing molt and the seasonal changes in body mass closely parallel those of birds in the wild (albeit that the multiple body mass peaks during northward and southward migration are replaced by one). The captive canutus knots also showed a summer peak in mass but then diverged from the pattern of their wild counterparts by having an extended period of high body mass before loosing mass and starting wing molt in early spring instead of late autumn. This elevated body mass of captive canutus knots before wing molt may represent either the physiological preparations for a southward migration or a response to the unexpected photoperiod and/or air temperature prevalent in the outdoor cages in The Netherlands. Captive red knots were maintained in flocks of 3-10 birds in outdoor cages at the Zoological Laboratory in Haren, The Netherlands (53011' N, 06o36' E). The aviaries had a surface area of 2 X 4 m with a height of 1.8 m. This volume allowed the birds to make short flights. Aviaries contained a freshwater basin with continuously running water. The upper layer of the sandy floor was refreshed every week. The birds were fed with protein-rich pellets of trout food (Trouvit, Produits Trouw, Vervins, France) consisting of 11% water, 12% fiber, 3% cellulose, 45% protein, and 8% fat according to the manufacturer.
Material and Methods
With two subspecies (islandica and canutus) and two ecological treatments (wild and long-term captivity), we had four categories of nonbreeding red knots for analysis. The sex ratio was equal in the sample of 122 red knots for which the most detailed body composition analyses are presented (overall: 61 males, 57 females, and four unknown; for wild islandica: 33 males, 34 females, and two unknown; for wild canutus: 11 males and six females; for captive islandica: 11 males, 13 females, and one unknown; for captive canutus: six males, four females, and one unknown). Van der Meer and Piersma (1994) were unable to show differences between the lean:fat ratio of males and females. The differences in body composition between the canutus knots from Guinea-Bissau and South Africa were minimal and are not specifically addressed here.
Analysis ofBody Composition
After a couple of months (and up to 4 yr) of storage in airtight plastic bags in deep freezers at -300 to -200C, carcasses were weighed and dissected. Birds in Guinea-Bissau were not frozen but were dissected within 12 h after death. We measured four external dimensions: wing length (maximum length, with a stopped ruler to the nearest millimeter), bill length (exposed culmen, with calipers to the nearest 0.1 mm), total head length (with calipers to the nearest millimeter), and tarsus plus toe length (with a stopped ruler, excluding the nail of the middle toe, to the nearest millimeter). In addition, we took six internal skeletal dimensions, all connected to the sternum (a through f measured with calipers to the nearest 0.01 mm; see Piersma, Davidson, and Evans [1984] ; and Jukema and Piersma [1992] for definitions). Sex was determined by gonadal inspection. After plucking the birds, the skin was opened and removed (with the tibiotarsus and feet), and the breast muscles (musculus supracoracoideus and musculus pectoralis) of both sides of the keel were removed. Thereafter, the remaining parts of the body (leg muscle, stomach, intestine, heart, lungs, liver, kidneys, skin, and the rest [including skeleton and attached muscle]) were excised, weighed freshly, and dried separately to constant mass at 550-600C.
The dried tissues were packed in filter paper, and the fat was extracted in a Soxhlet apparatus, with petroleum ether (boiling traject 400-600C) as the solvent. When the solvent in the extraction vessel no longer showed a yellowish color (indicating fat in solution) for three successive fillings (usually after 4-6 h), fat extraction was considered complete. The body parts were dried to constant mass again and separated from the filter paper, and the remaining lean (fat-free) dry mass was weighed. Fat mass was estimated from the mass loss during extraction.
In this Apart from plotting for each specimen the value of the second principal component against the value of the first component, the figure also shows, by means of a vector, the correlation (in the context of principal components analyses often called loading) between each body part and the first two components. The orthogonal projection of each observation on such a vector approximates the value of the accompanying body tissue. The length of the vector indicates the reliability of the approximation. If the vector approaches the full radius, then the approximation is perfect. Note that since the principal components are uncorrelated, the length of the vector is equivalent to R2, that is, the fraction of the variance of the body parts explained by the first two principal components. The fraction of the total variance that is accounted for by the first two components was equal to 0.70 for the analysis in which all fat and lean parts of tissues were considered (k = 18; see fig. 2A ).
In addition, the correlation between two body parts is indicated by the product of the cosine of the angle between both vectors and the length of the two vectors. Thus, vectors that are pointing in almost the same direction 
Respirometry
Red knots from the Wadden Sea were measured within 1 mo after having been transported from the site of capture on the island of Schiermonnikoog to the Zoological Laboratory in Haren. They adjusted readily to their captive condition, did not show any obvious signs of stress, and were fed with pellets of trout food. Freshwater was always available. In Guinea-Bissau and South Africa, metabolic rates of shorebirds were usually measured within a few days after catching them, after which the birds were released. A few red knots were retained in captivity at the study sites for a couple of weeks and measured for a second or third time. Thereafter, they were released as well.
Basal metabolic rates were estimated on the basis of oxygen consumption measurements of postabsorptive birds. All birds, even the seemingly emaciated ones with low fat reserves, had been eating in the days before the experiment. Food, but not water, was taken away for one-half to 1 d before birds were put in the metabolic chamber. The birds were weighed before and after each experiment, but only the initial body masses were used here. For logistic reasons we had to use slightly different systems to measure oxygen consumption at the different study sites, but back home they gave consistent results. In Guinea-Bissau the whole system was set up in the open, but the nights were warm, and box temperatures (200-270C) were within the thermoneutral zone of red knots. In South Africa the system was installed in a heated room at 220-280C, and in The Netherlands we worked in temperature-controlled cabinets (temperature range 250-300C).
Birds were always measured for an entire night at a constant (South Africa and The Netherlands) or near-constant (Guinea-Bissau) air temperature within the thermoneutral zone. Air temperature was registered continuously on a data logger. The metabolic chamber was a dark box of polyvinyl chloride with an air volume of 6-12 L. At all study sites pumps were placed behind the metabolic chamber, and air was thus pumped out. The airflow through the system was set to 40-60 L/h so that oxygen consumption did not exceed 0.5% of the incoming oxygen volume. The measurements in The Netherlands and South Africa were performed with AMETEK applied electrochemistry analyzers (models S-3A and S-3A/II) with an accuracy of 0.002% (manufacturer's calibration). In Guinea-Bissau we used a Servomex 1100A paramagnetic oxygen analyzer with an accuracy of 0.01%. The airflow through respiratory boxes was measured on dry air after passing the animal. Outflowing In the sample of red knots of which body composition was examined, there were significant differences between the sexes and subspecies in the length fig. 2A) shows (1) that the fat contents of different body parts are strongly correlated with each other, more so than the lean body parts, (2) that fat and lean contents of body parts are poorly correlated with each other or not at all, and (3) that, except for a group of starved birds, the captive red knots show a distinctly different distribution in the principal component plane than the wild birds. Although the long-term captive birds showed slightly more liver and kidney fat and project similarly on the other fat vectors, they show smaller lean tissues, especially the stomach, intestine, kidneys, and liver. The fat contents of most parts of the body are strongly intercorrelated, except for the fat contents of kidneys and liver, for which the short vectors indicate that they are poorly correlated with other fat deposits ( fig. 2A) .
In figure 3A we highlight three groups of individual birds, two of which are familiar from figure 2A, to allow a recognition of the similarities and differences in information content of the two types of graph. The group of starved birds with very low body masses is easy to recognize in both kinds of plots: the first principal component in figure 2A clearly indicates total body mass, and this is made explicit in figure 2B . Starved knots show particularly low projections on the fat axes and on the axes of skin, skeleton and attached muscle (the rest), leg muscle, breast muscle, and heart. The heavy islandica captives can be recognized since they project highly on the fat axis in figure 3A and the fat vectors in figure 2A . By way of example, figure 2C illustrates how birds with variably sized livers project on the axis for lean liver mass.
There are two groups of vectors for lean body parts, groups of tissues that poorly intercorrelate ( fig. 2A) . The first group includes the skin, the skeleton and attached muscle (the rest), the leg muscles, the breast muscles, and the heart (the muscles group, since even the "rest" category contains many groups of small muscles connected to the skeleton). The second group includes the liver, the kidneys, the intestine, and the stomach. These four organs will be called the nutritional organs. The lungs are intermediate between the two groups of body parts. Although the first principal component in the biplots clearly represented total lean dry mass of the birds (r = 0.96), it was not correlated with the four external and six internal dimensions. The lean dry mass of the muscles group correlated best with the first principal component and with total lean dry mass, whereas the nutritional organs show another pattern. Small nutritional organs are found in the northwestern half of the biplot, thus comprising the category of captive red knots of both subspecies ( fig. 2A) .
In order to correct for the variations in absolute size, we made a biplot of the relative contributions of lean dry masses of body parts scaled to lung mass (fig. 4A) . The resulting principal components do not depend on the choice of the common denominator (Aitchison 1986). The two groups of body parts are even more obvious in this analysis than in figure 2, as indicated by the two tight bunches of vectors. The relative sizes of muscles and nutritional organs are not correlated at all. Nutritional organs are relatively small in captive birds, but muscles are not.
To summarize and evaluate the differences between the four categories of red knots, figure 4B presents the dimensionless ratios of the lean dry mass of the nutritional organ group divided by the lean dry mass of muscles. Captive and wild birds are well separated by this ratio. Figure 4B suggests that islandica knots may respond more strongly to captive conditions in the temperate zone (by decreasing lean mass and the size of their nutritional organs) than canutus knots. This striking discrepancy may be an effect of canutus knots' being relatively heavy in captivity during the northern winter compared with their wild counterparts in tropical Africa (see fig. 1C ). Table 1 summarizes the differences in lean dry mass and body composition of the four categories of red knots. These are slightly more restricted groupings (collected from November to February, nonemaciated birds only), and for these we will present metabolic data. Intestine, stomach, skeleton and attached muscle (the rest), heart, and skin showed the highest values in wild, temperate-wintering islandica knots (table 1). The nutritional organs accounted for most (51%-65%) of the decreased lean dry mass of captive red knots compared with that of wild birds.
Mass-Dependent Variation in BMR
The BMR differed among the four categories of birds (ANOVA, R2 = 0.51, F3,3, = 12.7, P < 0.0001; fig. 5A ). The BMR was significantly higher in wild islandica knots than in wild canutus knots, while BMR of captive birds was significantly reduced compared with that of wild birds (Scheff6 tests). However, BMR did not differ between the two subspecies when kept in captivity.
The relationship between BMR and total body mass is weak at best ( fig.  5 C) , and nearly all variation in the average BMR per category was explained by corresponding variation in lean mass ( fig. 5B ). This suggests that lean mass alone determines BMR, but this interpretation is probably not correct. The BMR differed considerably between individuals, but these measurements were lumped for each category since we do not know the actual lean mass of each individual bird. How does this relationship change when body mass (and therefore lean mass, mainly in the muscles group) declines during starvation? As it happens, we do have data on this topic on account of the refusal of some individuals captured in Guinea-Bissau and South Africa to fully adapt to our holding conditions and food regime. Body mass in some red knots fell below 110 g, below which point they carried an average of 1.1 g fat (as illustrated in fig. 3A ). In figure 6 we have plotted measured BMR during incipient starvation as a function of predicted lean mass of canutus knots. The BMR of these nutritionally depleted birds is close to what we would predict on the basis of extrapolations of values for birds in figure 5B , even though the losses in lean mass refer to muscle tissue rather than to the nutritional organs ( fig. 2A ). The reduction in stomach size in captive birds can easily be explained by the fact that the stomach no longer has to do the muscular work to crack ingested molluscs. It shows disuse atrophy (Goldberg 1972; Booth 1977) . However, this does not necessarily need to lead to decreased size of the intestine, liver, and kidneys (Brugger 1991). Only by assuming that the lower work levels (thermoregulation and exercise) of birds in cages lead to a lower work pressure on these organs can we invoke disuse atrophy as the explanation. If animals try to minimize maintenance costs, one obvious way would be to adjust the mass of the nutritional organs to required capacity, whatever the mechanism is. Is it possible to assign differences in BMR to differences in the size of specific organs (Daan et al. 1990)? Table 1 indicates that most of the differences between the groups are due to size differences in the nutritional organs, notably the stomach and the intestine. These comprise 11% (wild Calidris cantutus canutus) to 13% (wild Calidris cantutus islandica) of the lean dry mass. Since we have no data on tissue respiration of these organs, detailed evaluation of the relative contribution of the organ mass differences to BMR cannot at present be made. The different gut sizes of the various categories of red knots are likely to be a major factor influencing BMR. In ruminant mammals, the energetic cost of maintaining the gut contributes up to 40% of BMR (Webster 1981). However, during incipient starvation it is a decrease in the size of the skeletal musculature and heart that leads to a further reduction in BMR.
Adaptations in Lean Mass? Piersma et al. (1991) alluded to the possibility that BMR in different subspecies of red knots is adapted to the climatic conditions of their winter quarters. We should like to take this one step further and state that lean mass has in fact primacy, with the organs making up lean mass being adjusted to climatic and food conditions and BMR's being adjusted as a consequence. When work levels are low and relatively constant, intake rates can be low, and the body can do with a relatively small support machinery (i.e., the nutritional organs). The combination of low lean mass and BMR in tropically wintering canutus knots has the additional benefit of preventing the need for extensive evaporative cooling when external heat loads are high (Klaassen, Kersten, and Ens 1990; Verboven and Piersma 1995). A high lean mass (and, consequently, a high BMR) in temperate-wintering islandica knots also makes sense since the high required intake rate and high energy expenditure necessitate a high support capacity (i.e., large nutritional organs). This capacity would also yield additional metabolic scope to overcome periods of severe cold stress in the energetically demanding climate of the northern mudflats (Kersten and Piersma 1987; Wiersma and Piersma 1994) ( fig. 7A) .
The fact that islandica and canutus knots converged to become rather similar birds under the relaxed environmental conditions in captivity suggests that both subspecies possess the flexibility to reduce the machinery to support elevated working levels and hence save on energy expenditure. In order to convincingly demonstrate that this flexibility is reciprocal, experimental treatments with changed photoperiod (for islandica knots), changed energy demand levels (for canutus knots), and changed food type (i.e., molluscs, for both subspecies) are called for. Nevertheless, the finding that red knots show breast muscle hypertrophy during migratory fat deposition and show atrophy afterward indicates that additional dimensions of flexibility must exist. The combination of the latter mechanisms and the flexibility documented in this article should allow individual red knots to adjust to the full range of climatic conditions they are exposed to in the course of the year ( conclusion about BMR seems to contrast with the flexibility of red knots. In our view the migratory habit bringing all knot populations into thermally similar environments at least part of the year has precluded the establishment of subspecific divergence in metabolic intensity on a year-round basis. The impressive differences in wintering conditions experienced by the two subspecies we studied are effectively dealt with by an adaptive syndrome involving a circannual program of change in total body mass and composition (see also Piersma et al. 1995) . Figure 7B summarizes our views on seasonal change in work level (in this case, represented by field metabolic rate of the two knot populations studied) and how these changes impinge on lean mass in long-distance migrant shorebirds. (For illustrative reasons, lean mass is placed on the Xaxis.) Seasonal peaks in metabolic requirements will be financed by adaptive increases in lean mass (note the presumed qualitative reversal of the two populations during breeding), whereas benign wintering conditions (such as those experienced by canutus knots in Africa and red knots in captivity) induce a marked reduction in lean mass. This jettisoning of surplus body tissue, in particular the nutritional support systems of the body, lowers BMR and thus the cost of maintenance. A lower level of endogenous heat production may be advantageous under conditions of heat stress, whereas decreased body mass leads to considerable savings in the daily costs of locomotion since these increase with body mass (Taylor, Heglund, and Maloiy 1982). The ecological significance of these daily savings is made clear with reference to the doubly labeled water determinations of foraging red knots on a tidal flat (M. Poot and T. Piersma, unpublished observations), where locomotion costs (walking) loomed large in the daily energy budget (45%). We espouse the view that an increase in lean mass ( fig. 7B ) is an adaptive response enabling an appropriate increase in metabolic scope ( fig. 7A ) without precluding the option of direct energetic savings whenever the enlarged tissues can be dispensed with.
Studies on the size variation of different muscle and organ groups under various demand regimes, coupled with a quantification of the energetic repercussions of such size differences, are likely to generate considerable insight into the adaptiveness of variations in body composition as well as BMR. Long-distance migrant shorebirds provide interesting and workable models for such studies. 
